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HIGHLIGHTS 


►  Photovoltaic  performance  of  flexible  DSCs  under  bending  was  first  reported. 

►  Photovoltaic  performance  degradation  and  recovery  mechanism  was  investigated. 

►  A  modified  equivalent  circuit  model  for  DSCs  under  bending  state  was  proposed. 
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Flexibility,  as  well  as  high  efficiency,  of  flexible  dye-sensitized  solar  cells  (DSCs)  is  of  significant 
importance  to  their  application.  In  this  study,  the  photovoltaic  performance  of  the  flexible  DSCs  under 
bending  and  relaxed  states  is  investigated  to  understand  the  degradation  and  recovery  of  the  photo¬ 
voltaic  performance.  Results  show  that  when  the  bending  radius  is  larger  than  8  mm,  the  photovoltaic 
parameters  of  the  flexible  DSCs  maintain  the  same  values  as  those  in  the  relaxed  states.  However,  when 
the  bending  radius  is  reduced  to  8  mm,  the  photovoltaic  performance  is  two  orders  of  magnitude 
decreased.  Most  interestingly,  when  the  bending  DSCs  are  relaxed,  the  photovoltaic  performance  is  found 
to  be  completely  recovered.  The  microstructure  observation  shows  that  the  direct  contact  between  TiCh 
film  and  counter  electrode  (CE)  occurred  at  the  bending  radius  of  8  mm,  which  should  be  the  main 
reason  for  their  low  photovoltaic  performance  in  the  bending  state.  Finally,  a  modified  equivalent  circuit 
model  is  proposed  for  the  flexible  DSCs  under  bending  condition. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cells  (DSCs)  have  currently  attracted 
widespread  academic  and  commercial  interests  as  a  next  genera¬ 
tion  photovoltaic  device  due  to  their  relatively  high  energy 
conversion  efficiency  and  low  production  cost  [1  ].  Recently,  there  is 
an  increasing  interest  in  replacing  rigid  glass  substrates  with  plastic 
substrates  in  considerations  of  light  weight,  flexibility  and 
compatibility  with  low-cost  roll-to-roll  production  [2-4]. 

Generally,  high-temperature  sintering  (~450  °C)  is  required  to 
construct  the  strong  connection  between  nanoparticles  and 
thereby  the  rapid  electron  diffusion  in  the  photoanode  for  the 
conventional  DSCs  on  conductive  glass  substrates  [5].  However,  the 
high  temperature  treatment  cannot  be  employed  on  the  conductive 
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plastic  substrates  due  to  the  low  heat-resistance  temperature 
(about  150  °C)  of  the  plastic  materials  [6].  In  order  to  improve  the 
nanoparticle  connection  and  mechanical  stability  of  the  Ti02  films 
on  such  plastic  substrates,  other  methods  which  can  be  performed 
at  low  temperature  are  thus  expected.  Over  the  last  few  years, 
a  couple  of  effective  methods  which  have  been  developed  for 
plastic  photoanodes  include  mechanical  compression  [7],  micro- 
wave  irradiation  [8],  hydrothermal  crystallization  [9],  chemical 
sintering  [10],  electron-beam  annealing  [11],  electrophoretic 
deposition  [12]  and  room  temperature  cold  spraying  [13,14]. 

Up  to  now,  the  highest  energy  conversion  efficiency  of  the 
assembled  plastic  DSCs  has  been  up  to  8.1%,  which  is  nearly  70%  of 
the  conventional  glass-based  DSCs  [15].  However,  the  flexibility, 
one  of  the  most  important  parameters  of  the  plastic  DSCs,  is  rarely 
reported  so  far.  Most  work  has  been  focused  on  improving  the 
mechanical  stability  of  the  plastic  photoanode  under  bending  state. 
As  an  example,  Jiang  et  al.  [16]  used  nanowire  to  replace  nano¬ 
particle  in  the  preparation  of  photoanode  for  flexible  DSCs,  which 
demonstrated  a  high  flexibility.  Li  et  al.  [17]  also  improved  the 
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Fig.  1.  The  schematic  of  the  flexible  DSCs  under  outward  bending. 


flexibility  by  blending  elastic  polymer  PMMA  with  TiC^,  though  the 
efficiency  was  decreased  by  the  presence  of  polymer  in  Ti02  film. 
For  all  the  studies  until  now,  it  should  be  noted  that  the  reported 
photovoltaic  performance  of  the  flexible  DSC  was  obtained  for  the 
DSCs  at  relaxed  state.  Since  the  flexible  DSCs  may  work  at  both 
bending  and  relaxed  states,  the  cell  performance  under  bending 
state  is  likewise  important. 

In  this  study,  Ti02  films  were  fabricated  on  the  plastic  substrates 
by  using  room  temperature  cold  spray  method.  The  cell  perfor¬ 
mance  of  the  assembled  plastic  DSCs  under  both  bending  and 
relaxed  states  was  investigated  to  examine  the  evolution  of  cell 
performance  during  bending  and  relaxing.  The  relationship 
between  photovoltaic  performance,  electrochemical  properties  and 
microstructure  of  TiC^  film  in  the  flexible  DSCs  was  studied  to  aim 
at  understanding  the  factors  which  dominates  the  performance  of 
flexible  DSCs. 
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2.  Experimental 

2.1.  Fabrication  ofli02  film  and  flexible  DSCs 

The  Ti02  film  was  prepared  by  a  home-developed  room 
temperature  cold  spray  system  [13,14,18]  using  a  commercial  Ti02 
powder  (P25,  Degussa,  70%  anatase  and  30%  rutile)  with  a  thickness 
of  10  pm  on  ITO-PEN  plastic  substrate  (PECF-IP,  15  Q  sq  \  Peccell). 
The  electrode  was  heated  at  135  °C  for  15  min.  After  cooled  to  80  °C, 
the  photoanode  was  immersed  in  an  absolute  ethanol  solution 
containing  0.3  mM  N719  dye  (Solaronix)  for  24  h,  then  rinsed  with 
absolute  ethanol  and  dried  with  nitrogen  gas.  The  photoanode  was 
then  used  to  assemble  DSCs  with  a  plastic  Pt  counter  electrode  (CE) 
using  a  60  pm  thick  Surlyn  film  (1702,  DuPont)  spacer.  The  elec¬ 
trolyte  solution  was  introduced  into  the  cell  through  four  holes  pre¬ 
drilled  on  the  back  of  the  plastic  CE,  then  the  holes  were  sealed  up 
using  an  UV  resin  (ThreeBond).  The  electrolyte  solution  was 
composed  of  0.6  M  DMPII  (Institute  of  Plasma  Physics),  0.05  M  I2 
(Aldrich),  0.1  M  Lil  (Aldrich),  and  0.5  M  4-tert-butylpyridine  (Acros) 
in  dehydrated  acetonitrile  (Aldrich). 


R  :  Bending  radius  W  and  W’ :  Width 
A  and  A’ :  Projection  area  L  :  Length 


Fig.  3.  The  I-V  curves  of  the  flexible  DSCs  measured  under  bending  state  (a)  and 
relaxed  state  (b)  with  different  bending  radii. 


2.2.  Characterization  of  flexible  DSCs 

The  bending  test  was  carried  out  by  a  home-developed  flexible 
solar  cell  bending  tester,  by  which  the  bending  conditions, 
including  bending  direction,  bending  radius  and  bending  times, 
were  accurately  controlled.  Fig.  1  shows  the  schematic  of  the  flex¬ 
ible  DSC  under  outward  bending.  The  photovoltaic  performance  of 
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Fig.  2.  The  schematic  of  the  calculation  of  the  projection  area  of  the  photoanode  under  Fig.  4.  Relative  photovoltaic  parameters  of  the  flexible  DSCs  measured  under  bending 
bending  state  and  relaxed  state.  state  (a)  and  relaxed  state  (b)  as  a  function  of  bending  radius. 
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Fig.  5.  Diode-model  for  flexible  DSCs  (a),  relationship  between  the  parallel  resistance 
Rsh  of  the  flexible  DSCs  under  bending  and  relaxed  states  with  different  bending  radii  (b). 


flexible  DSCs  under  different  conditions  was  measured  using  a  solar 
simulator  (100  mW  citT2,  Oriel  94023A,  Newport)  equipped  with 
a  Keithley  2400  digital  source  meter.  The  active  area  of  the  cells  was 
controlled  to  be  0.48  cm2.  The  active  area  herein  is  referred  to  as  the 


area  of  the  photoanode.  The  width  (W)  and  length  (I)  of  the  pho¬ 
toanode  were  6  mm  and  8  mm,  respectively. 

The  photo-to-electric  energy  conversion  efficiency  (17)  of  the 
flexible  DSC  under  relaxed  state  and  bending  state  is  calculated 
using  the  following  formula: 


„  ^EMax  ^Max  x  VMax  M  n 

v  =  -pT=  d  x  a  (1) 

where  PrMax  is  the  maximum  power  of  the  solar  cell,  Pi  is  the  light 
power  obtained  by  the  photoanode,  /Max  and  14/iax  is  the  current  and 
the  voltage  at  the  maximum  electric  power  of  the  solar  cell,  D  is  the 
light  power  density,  and  A  is  the  projection  area  of  the  photoanode 
in  the  light  illumination  direction.  Fig.  2  shows  the  schematic  of  the 
calculation  of  the  projection  area  of  the  photoanode  under  bending 
state  and  relaxed  state. 

The  electrochemical  properties  of  the  flexible  DSCs  were 
investigated  by  electrochemical  impedance  spectroscopy  (EIS).  The 
EIS  spectra  were  measured  in  the  dark  at  -0.7  V  bias  potential  using 
a  CEII606  electrochemical  workstation  (Shanghai  Chenhua  Instru¬ 
ment).  The  spectra  were  scanned  in  a  frequency  ranging  from 
10  1 — 105  Hz  with  an  ac  amplitude  of  10  mV.  The  obtained 
impedance  spectra  were  fitted  with  the  Z-view  software  in  terms  of 
appropriate  equivalent  circuit  model.  In  order  to  examine  the  effect 
of  bending  tests  on  the  structure  of  both  photoanode  and  Pt  counter 
electrode,  they  were  detached  from  the  tested  DSCs,  rinsed  with 
acetonitrile  and  ethanol  sequentially  for  removal  of  the  electrolyte, 
and  then  observed  by  a  field  emission  scanning  electron  micro¬ 
scope  (FESEM,  QUANTA  600F). 


Fig.  6.  Surface  morphologies  of  the  photoanodes  under  relaxed  state  without  (a,  b)  and  with  (c,  d)  bending  at  a  radius  of  8  mm. 
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3.  Results  and  discussion 

3.1.  Photovoltaic  performance  of  the  flexible  DSCs  under  single 
outward  bending 

Before  the  bending  test,  the  photovoltaic  parameters  of  the 
assembled  flexible  DSCs  were  measured.  The  short-circuit  photo¬ 
current  density  (/sc)  is  7.21  mA  cm-2,  the  open-circuit  photovoltage 
(Voc)  is  0.63  V,  the  fill  factor  (FF)  is  0.61,  and  the  energy  conversion 
efficiency  is  2.78%.  Fig.  3  shows  the  I-V  curves  of  the  flexible  DSCs 
under  bending  state  and  relaxed  state  with  different  bending  radii. 
Fig.  4  shows  the  relative  photovoltaic  parameters  of  the  flexible  DSCs 
as  a  function  of  bending  radius  measured  under  bending  state  and 
relaxed  state.  As  for  the  photovoltaic  performance  measured  under 
bending  state  (Fig.  4a),  the  cell  performance  is  not  significantly 
influenced  when  the  bending  radius  is  larger  than  8  mm,  suggesting 
an  excellent  mechanical  stability  of  the  TiC^  films  prepared  by  room 
temperature  cold  spray  method.  Flowever,  when  the  bending  radius 
is  decreased  to  8  mm,  a  sharp  decrease  of  the  photovoltaic  perfor¬ 
mance  is  observed.  Most  interestingly,  when  the  flexible  DSCs  are 
relaxed,  the  cell  performance  completely  recovers  as  shown  in  Fig.  4b. 

There  are  two  possible  pathways  for  the  DSCs  losing  their 
photovoltaic  performance  under  very  small-radius  bending  state. 
Firstly,  the  Ti02  film  is  under  tension  when  the  cell  is  under  outward 
bending  as  shown  in  Fig.  1.  Since  the  TiC^  film  is  fragile  and  may 
crack  and  peel  off  under  tension,  the  degradation  of  the  cell 
performance  is  probably  caused  by  the  crack  of  the  TiC^  film. 
However,  due  to  the  fact  that  the  photovoltaic  performance  can  be 
fully  recovered  when  the  bent  cell  goes  back  to  the  relaxed  state,  the 
crack  of  the  TiC^  films  may  not  be  the  main  reason  resulting  in  the 
degradation  of  the  cell  performance.  Secondly,  under  bending  state 
the  Ti02  film  may  directly  contact  with  the  Pt  CE,  thus  leading  to 
short  circuit.  In  order  to  clarify  this  issue,  the  parallel  resistance  Rs h 
of  the  flexible  DSCs  is  calculated  according  to  the  diode  model 
shown  in  Fig.  5a.  The  results  are  shown  in  Fig.  5b.  As  can  be  seen,  the 
variation  of  RSh  as  a  function  of  the  bending  radius  displays  the  same 
tendency  with  the  corresponding  photovoltaic  performance  as 
shown  in  Fig.  4a.  The  Rs h  maintains  the  same  when  the  bending 
radius  is  larger  than  8  mm.  When  the  bending  radius  is  reduced  to 
8  mm,  a  significant  decrease  from  822  Q  to  15  Q  is  observed.  The  low 
Rs h  means  a  very  small  parallel  resistance  is  produced  in  the  elec¬ 
trical  circuit  as  shown  in  Fig.  3a,  reflecting  the  assumption  of  short 
circuit  occurring.  As  expected,  after  the  DSC  is  relaxed  from  bending, 
the  Rs\\  recovers  to  831  Q,  which  is  comparable  to  its  original  value. 
In  addition,  the  electrolyte  leak  is  not  found  before  and  after  DSC 
bending.  Therefore,  all  the  facts  here  have  pointed  out  the  revers¬ 
ibility  of  photovoltaic  performance  of  such  flexible  DSCs. 

3.2.  Surface  morphologies  of  the  electrodes  in  the  flexible  DSCs  after 
single  outward  bending 

Since  the  photovoltaic  performance  of  the  flexible  DSCs  signif¬ 
icantly  changed  by  relaxing  and  bending,  the  defects  on  both 
photoanodes  and  CEs  may  be  formed  after  bending  and  relaxing 
cycles.  Investigations  on  this  issue  have  been  performed  by 
morphology  characterization  using  FESEM  under  relaxed  state  after 
bending  process.  No  peeling  off  was  observed  on  both  photoanodes 
and  CEs.  Fig.  6  shows  the  surface  morphologies  of  the  photoanodes 
without  and  with  bending  at  a  radius  of  8  mm.  As  can  be  seen  from 
Fig.  6a  and  b,  the  as-prepared  primary  TiC^  photoanode  presents 
a  rough  morphology.  However,  after  bending  with  a  radius  of  8  mm, 
part  of  the  surface  demonstrates  flat  surface,  perhaps  due  to  the 
squeezing  effect  by  the  Pt  CE  as  shown  in  Fig.  6c  and  d.  Further¬ 
more,  the  surface  morphologies  of  the  Pt  CEs  are  also  characterized 
and  shown  in  Fig.  7.  Compared  to  the  surface  morphology  of  the  Pt 


Fig.  7.  Surface  morphologies  of  the  Pt  CEs  under  relaxed  state  without  (a)  and  with  (b) 
bending  at  a  radius  of  8  mm. 


Fig.  8.  Nyquist  plots  of  the  flexible  DSCs  under  bending  state  (a)  and  relaxed  state  (b) 
after  experiencing  the  bending  process  with  different  bending  radii. 
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Fig.  9.  Generalized  equivalent  circuit  model  for  a  complete  DSC  (a),  where  Rs  is  the 
series  resistance,  Rc o  and  CCo  are  the  resistance  and  the  capacitance  at  the  TC0/Ti02 
interface,  RTc o  and  CTCo  are  the  resistance  and  the  capacitance  at  the  exposed  TCO/ 
electrolyte  interface,  Rt  ( =rt  L )  is  the  transport  resistance  of  the  electrons  in  the  Ti02 
film,  Rct  (=rct  L)  is  the  charge  transfer  resistance  of  electrons  at  the  Ti02/dye/electro- 
lyte  interface,  (=c^  L)  is  the  chemical  capacitance  of  Ti02  film,  ZD  is  the  Nernst 
diffusion  resistance  of  the  electrolyte,  RPt  and  CPt  are  the  charge  transfer  resistance  and 
electrical  double  layer  capacitance  at  the  Pt/electrolyte  interface,  L  is  the  thickness  of 
the  Ti02  film.  Modified  equivalent  circuit  model  for  an  internal  short  circuit  DSC  (b), 
where  Cc  and  Rc  are  the  resistance  and  the  capacitance  of  the  contacted  Ti02/Pt/TC0 
interface. 


CE  without  bending  at  8  mm  (Fig.  7a),  it  is  obviously  observed  that 
there  are  some  TiC^  nanoparticles  appearing  on  the  Pt  CE  with 
bending  at  a  radius  of  8  mm  (Fig.  7b).  This  is  evident  to  support  our 
consumption  on  the  short  circuit  between  the  photoanode  and  CE 
under  bending  with  a  radius  of  8  mm.  In  brief,  the  internal  short 
circuit  of  the  photoanode  and  CE  is  the  main  reason  responsible 
for  the  serious  loss  of  the  photovoltaic  performance  of  the 
flexible  DSCs. 

3.3.  Electrochemical  properties  of  the  flexible  DSCs  under  single 
outward  bending 

Equivalent  circuit  has  been  employed  to  correlate  the  photo¬ 
voltaic  performance  and  electrochemical  properties  of  the  DSCs, 
which  has  helped  the  deep  understanding  on  the  DSC  structure- 
performance  relationship.  The  typical  Nyquist  plots  are  displayed 
in  Fig.  8.  Two  arcs  are  distinguished  in  the  frequency  range  of  103- 
105  Hz  and  10-1— 103  Hz,  from  left  to  right.  These  arcs  can  be 
assigned  to  the  transport  process  of  the  electrons  at  the  interface  of 
Pt/electrolyte  and  Ti02/dye/electrolyte,  respectively.  A  generalized 
equivalent  circuit  model  [19-21  ]  shown  in  Fig.  9a  was  employed  to 
fit  the  EIS  data  using  a  Z-view  software.  The  electrochemical 

Table  1 

The  electrochemical  properties  of  the  flexible  DSCs  under  bending  and  relaxed 
states  with  different  bending  radii  fitted  by  generalized  equivalent  circuit  model  and 
modified  equivalent  circuit  model. 


Bending 

radius 

Measurement 

condition 

^S/Q 

Rt/Q 

Rjn 

RS*IQ 

Rt*/Q 

Rct* /Cl 

RC*IQ 

Infinite 

- 

9.3 

45.5 

33.8 

9.9 

45.1 

34.1 

8.8  x  1020 

great 
10  mm 

Bending  state 

9.3 

40.9 

34.7 

9.8 

40.8 

34.9 

1.2  x  1019 

8  mm 

Bending  state 

- 

- 

- 

7.8 

6.6 

3.3 

3.7 

10  mm 

Relaxed  state 

9.2 

37.7 

38.2 

9.7 

37.8 

38.3 

8.0  x  1019 

8  mm 

Relaxed  state 

8.6 

33.5 

38.1 

9.1 

33.6 

38.2 

1.0  x  102° 

^Refers  to  the  data  obtained  by  using  the  modified  equivalent  circuit  model. 


Fig.  10.  Nyquist  plots  and  fitting  results  of  the  flexible  DSCs  under  bending  state  with 
a  radius  of  8  mm  using  the  modified  equivalent  circuit  model  shown  in  Fig.  9b. 

properties  are  listed  in  Table  1.  However,  the  state-of-the-art 
equivalent  circuit  (Fig.  9a)  is  insufficient  to  model  the  DSCs  under 
deeply-bent  state  due  to  the  direct  contact  of  the  photoanode  with 
CE. 

At  this  point,  a  brief  note  should  be  made  about  the  EIS 
measuring  mechanism  of  the  DSC  in  the  dark.  In  the  dark,  the  DSC 
behaves  as  a  leaking  capacitor  [21  ].  When  applying  forward  bias, 
the  electrons  are  injected  from  the  TCO  substrate  and  transported 
through  the  mesoporous  Ti02  network.  Meanwhile,  the  electrons 
react  with  IT  ions  in  the  electrolyte.  I3  ions  are  generated  at  CE  and 
penetrates  the  mesoporous  Ti02  films  by  diffusion  [22,23]. 
However,  if  the  photoanode  contacts  with  the  CE,  the  injected 
electrons  can  transport  to  the  CE  directly.  Considering  this, 
a  modified  equivalent  circuit  model  for  the  internal  short  circuit 
DSCs  is  proposed  as  shown  in  Fig.  9b,  where  the  Rc  and  Cc  are  the 
resistance  and  capacitance  of  the  contacted  Ti02/Pt  interface. 

After  using  the  modified  equivalent  circuit  model,  a  perfect 
fitting  results  of  the  flexible  DSCs  bent  at  8  mm  is  obtained  as 
shown  in  Fig.  10.  Besides,  the  model  can  be  also  used  to  fit  the  EIS 
data  obtained  for  flexible  DSCs  under  other  measuring  conditions. 
The  fitting  results  using  the  modified  equivalent  circuit  model 
(Fig.  9b)  only  varied  by  less  than  ±5%  upon  replacement  of  the 
generalized  equivalent  circuit  model  (Fig.  9a)  as  shown  in  Table  1. 

As  listed  in  Table  1,  the  Rc  value  is  3.7  Q  for  the  flexible  DSCs  bent 
at  8  mm,  which  is  several  orders  of  magnitude  smaller  than  that  of 
the  flexible  DSCs  under  other  measuring  conditions.  This  is  also 
a  direct  proof  for  the  internal  short  circuit  of  the  flexible  DSC  bent  at 
8  mm.  Furthermore,  when  the  bending  radius  is  8  mm,  the  Rt  and 
Rct  are  significantly  decreased.  This  is  because  that  when  the  DSC  is 
in  internal  short  circuit  state,  the  electrons  can  rapidly  transport  to 
the  CE,  resulting  in  a  much  increased  electron  density  which  is 
beneficial  to  obtain  a  lower  Rt  and  Rc t.  Likewise,  when  the  flexible 
DSCs  relaxes,  the  Rt  and  Rc t  values  recover.  Therefore,  the  modified 
equivalent  circuit  model  proposed  in  this  study  can  be  used  to  fit 
the  EIS  data  for  flexible  DSCs  in  all  cases.  By  using  this  modified 
model,  not  only  the  internal  short  circuit  phenomenon  can  be 
explored,  but  also  the  contact  between  photoanode  and  CE  can  be 
quantitatively  detected.  This  will  provide  detailed  information  for 
understanding  the  evolution  of  photovoltaic  performance  of  flex¬ 
ible  solar  cells  under  bending  condition. 

4.  Conclusions 

The  photovoltaic  performance  of  the  flexible  DSCs  under 
bending  state  and  relaxed  state  was  measured.  The  photovoltaic 
performance  was  not  significantly  influenced  when  the  bending 
radius  was  larger  than  8  mm,  showing  an  excellent  mechanical 
stability  of  the  TiC^  films  prepared  by  room  temperature  cold  spray 
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method.  When  the  bending  radius  was  reduced  to  8  mm,  the 
photovoltaic  performance  was  two  orders  of  magnitude  decreased. 
However,  when  the  flexible  DSC  was  relaxed,  the  cell  performance 
was  completely  recovered.  The  microstructure  results  showed  that 
when  the  DSC  was  bent  at  8  mm,  the  direct  contact  between  Ti02 
film  of  photoanode  and  CE  occurred  based  on  both  the  squeezed 
flat  surface  morphology  of  the  Ti02  film  and  the  attachment  of  Ti02 
particles  onto  CE  surface.  As  a  result,  the  dramatically  degradation 
of  cell  performance  is  mainly  attributed  to  the  internal  short  circuit 
between  the  photoanode  and  CE.  Besides,  a  modified  equivalent 
circuit  model  was  proposed  to  characterize  the  electrochemical 
properties  of  the  flexible  DSCs  under  bending  conditions. 
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